To investigate the cellular location of ComGA, we conelongate, resume growth, acquire Z rings, their chromostructed a fusion of the green fluorescent protein (GFP) somes replicate and separate, and cell division occurs.
to the C terminus of ComGA. A comGA deletion mutaIn contrast, competent cells remain small, and Z rings tion reduces transformability to an undetectable level do not form for about 90 min, while ComK is degraded.
(w10 −7 of the wild-type level). The comGA-gfp conFollowing the elimination of ComK, these cells also bestruct partially complemented an in-frame comGA degin to grow and divide. A null mutation in comGA letion mutation to a level about 10-to 100-fold lower changes this behavior dramatically; the competencethan the wild-type and did not interfere with the transexpressing cells elongate prematurely, Z rings form, formability of a strain which coexpressed wild-type and the nucleoids divide (Haijema et al., 2001). HowcomGA. Although unable to fully support transformaever, these cells are not normal; they fail to complete tion, the ComGA-GFP fusion protein suppressed growth cytokinesis, and segregation of their nuclear bodies is and cell division during the outgrowth of competent aberrant. It appears that ComGA establishes a checkcultures and did so indistinguishably from the wild-type point during the escape from competence by preventprotein (data not shown). ing growth and cell division until ComK can be elimiFor fluorescence microscopy, this fusion was innated and perhaps allowing time for chromosomal serted into a complete copy of the comG operon in the repair following transformation. comGA-gfp-expressing cells was particularly abundant Here we demonstrate that representatives of each of at one or both poles and in a smaller number of the the three classes of competence proteins associate gfp-expressing cells accumulated near the cell centers preferentially with the cell poles. In the case of ComGA, ( Figures 1A and 1B) . In a typical trial using the two-step this localization pattern occurs preferentially in the conprocedure, nearly all of the comGA-gfp-expressing text of competence; comK expression allows ComGA cells showed localization of the GFP signal. Of the exto localize efficiently. With time, transformability depressing cells, 73% showed fluorescence localization creases, and at least YwpH and ComGA redistribute at one or both poles, 23% at both a pole and mid-cell, away from the cell poles. In a related study, it has been and 4% at mid-cell. Figure 1B shows a strain with an shown that the DNA repair and recombination proteins ectopic copy of comGA-gfp at amyE, but with the naRecA and RecN are also located at the poles, in close tive comG locus inactivated. Since polar localization association with ComGA and in a pattern suggesting was exhibited by this strain, it appears that none of the their direct involvement in the processing of transsix comG genes downstream from comGA is needed forming DNA (Kidane and Graumann, 2005 [this issue for localization, although each of them is needed for of Cell]). Using both laser tweezers and fluorescent pseudopilus formation. As a control, we expressed gfp DNA, we have demonstrated that the uptake of exteralone from the promoter of the comG operon. Although nally added DNA takes place predominantly near the a strong fluorescent signal was detected in about 20% poles. These data suggest a preferential assembly of of the cells in the culture at T 2 , no localization was obthe transformation apparatus at the poles, perhaps served; the signal was distributed throughout each cell increasing the likelihood that the DNA-processing and ( Figure 1C) . Thus, targeting of GFP to the cell poles was -uptake subassemblies function coordinately. They dependent on the ComGA moiety of the fusion protein. also suggest the presence of regulatory signals that For this image, a strain was used in which the native govern the localization of competence proteins.
comG locus was inactivated and, as a result, the fluorescent (competent) cells are elongated due to loss of the ComGA-dependent growth arrest (Haijema et al., Results 2001). Although most of the ComGA-expressing cells exhibited polar localization using either the one-step or In the studies reported in this paper, we have grown cells to competence using two protocols. In the sothe two-step protocol for growth to competence, the intensity of the polar fluorescent signal and the percencalled one-step procedure, cultures are grown to T 2 (2 hr after the departure from exponential growth, which tage of cells exhibiting polar localization are higher with the two-step procedure. As will become apparent, the is defined as T 0 ) and sometimes even longer, as indicated. In the more classical two-step procedure, a culextent of polar localization also varies with time, and variation in this localization from image to image thereture is grown to T 0 , at which time cells are committed to the development of competence. The culture is then fore depends on the stage reached and the protocol used for growth to competence. diluted 10-fold with fresh medium and incubated for an additional 90 min. In cultures treated this way, only the Since ComGA-GFP was only partially functional for transformation, we investigated other forms of this prodriven by the Pspac promoter was grown to competence using the two-step procedure. Growth was at a tein. A similar localization pattern was observed when ComGA was tagged at its C terminus with the myc epinonpermissive temperature (39°C) and in the presence of IPTG to induce the expression of ftsZ-gfp. As extope and detected using immunofluoresence microscopy (IFM) using anti-Myc antiserum ( Figure 1D ). Unpected, the cells were filamentous (Figure 2) . Figures 2A and 2B show fluorescent images from the FtsZ-YFP like the ComGA-GFP fusion protein, the ComGA-Myc protein was fully functional, complementing an in-frame and ComGA-CFP channels, respectively. One competent filament expressing comGA-cfp is shown, as well comGA deletion mutant to wild-type levels of transformation (data not shown). IFM also confirmed the poas one noncompetent filament (marked by the arrow). As expected, Z rings are present only in the noncompelar accumulation of native ComGA ( Figure 1E ). It is evident in Figures 1D and 1E Figure 3A) . Colothe two-step procedure, the nuclear bodies were more compact and regularly spaced, consistent with the calization of ComFA-YFP and ComGA-CFP was also observed in a divIC ts strain grown to competence at the growth arrest associated with competence. We conclude that the regularly spaced accumulations of the nonpermissive temperature ( Figure 3B ). Four deconvolved IFM images obtained using anti-ComFA antiseComGA fusion proteins do not require a cell pole or an accompanying physical property, such as membrane rum are shown in Figure 3C . Accumulations of ComFA are seen at the poles, but fluorescent signal is also evicurvature. dent elsewhere. ComEA, a second competence protein in the class ComFA and YwpH Also Localize to the Cell Poles and Colocalize with ComGA required for DNA transport, was also studied by IFM. In contrast to the other competence proteins examined in If competence proteins function together in a DNA binding and transport machine, then other competence this study, a consistent and striking localization at the poles was not present, although a weak accumulation proteins should colocalize with ComGA. We chose to investigate three additional proteins: ComFA, ComEA, at one or both poles was observed in several experiments. Instead, the most prominent and consistent feaand YwpH.
To investigate the cellular location of ComFA, we ture of this integral membrane protein was its localization in a nonuniform, punctate manner, together with constructed a fusion of the yellow fluorescent protein (YFP) to its C terminus. Although this protein fully suparcs obliquely traversing the minor axis of the cell (Figure 3D) . ComEA is present in greater abundance than ported transformation, Western blotting with anti-GFP antiserum demonstrated that, in addition to a band corother competence proteins, and, accordingly, it exhibits more foci per cell. responding to the expected size of the ComFA-YFP fusion protein, a less abundant band corresponding to
We investigated the cellular localization of a fourth competence protein, YwpH, using a ywpH-yfp confree YFP was also observed (data not shown). Since the fusion protein is cleaved in vivo, releasing YFP and struct, in which the only source of YwpH is the fusion protein. This construct exhibited the same decrease in possibly intact ComFA, we cannot be certain that the ComFA-YFP protein is functional. Figure 3A demontransformability that is characteristic of a ywpH null strain (about 10-fold), and no attempt was made to strates that the ComFA-YFP fusion, which was only evident in about 20% of the cells, also accumulated at confirm its localization by another means. Our results so far demonstrate that a number of comtionary phase, was thawed, diluted into fresh competence medium, and the bacteria were deposited on a petence proteins, including at least one representative of each of the three classes, ComGA, ComFA, and silanized glass coverslip for observation. Immediately after dilution, the ComGA-GFP signal was distributed YwpH, accumulate reproducibly at the cell poles, while ComEA exhibits a less consistent polar accumulation. throughout the cells, although relatively weak accumulations of this signal were often observed at the poles ComGA, ComFA, and ComEA, are known to be membrane associated based on fractionation experiments or cell centers. During the following 90 min, accumulation at the poles increased strongly. Of nearly 100 fluo-(Chung et al., 1998; Inamine and Dubnau, 1995; Londono-Vallejo and Dubnau, 1994a), while YwpH is prerescent cells examined, about 75% exhibited obvious polar or mid-cell localization during 2 hr of observation. dicted to be cytosolic. We next addressed the kinetics of ComGA and YwpH polar localization during the deThis localization occurred at one (w25%) or both (w25%) poles, at both the centers and poles (w20%), velopment and the loss of competence for transformation.
and, in a few cases, at the centers only (w5%). This is similar to the distribution observed in cells grown in bulk culture, described above. In all cases, the midLocalization and Delocalization Kinetics ComGA localization was visualized using time-lapse cell localizations may be overestimated, since some of the microscopic figures undoubtedly consisted of cell fluorescence microscopy. To facilitate the observation of living cells, a hag rok comGA-gfp strain was used.
doublets. A representative time-lapse series is shown in Figure  The hag mutation eliminated motility, while the rok mu- 4A. In Figure 4B , the increasing concentration at the localization in bulk cultures and to correlate these events with transformability, we performed an experipoles shown in Figure 4A is depicted quantitatively by normalizing the polar signal to that in the "flat" portion ment in which aliquots of a culture growing in competence medium were sampled periodically. These of the cell. This polar localization was visible at the outset, but the signal intensity increased 17-fold between samples were examined for transformation frequency, expression of the ComGA-GFP fluorescent signal, and 10 and 120 min after plating the cells on the coverslip and then decreased. Although a progressive increase polar accumulation of this signal. Western blotting was also performed on these samples using anti-ComGA and then a decrease in polar intensity were observed, it is not known whether this is due to the relocation of and anti-GFP antisera. Cells were scored as exhibiting polar and/or mid-cell accumulation based on visual impre-existing protein or to the polar insertion of newly formed protein.
pression. About 2-3 hr following the transition to stationary phase (T 2 -T 3 ), the transformability of the culture To examine the kinetics of ComGA expression and In this system, biotinylated lambda-phage DNA was more, the Western blot signal for the fusion protein, obbound to streptavidin-coated beads, which were then tained using anti-GFP antiserum, showed that delocaltrapped using laser tweezers. Cells from a competent ization was not accompanied by a net loss of YwpHculture were allowed to adhere to the surface of a silan-YFP ( Figure 4E ) and that no free YFP was present (data ized cover slip. Using laser tweezers, a bead was not shown). These results, together with deconvolution placed near a bacterium so that a DNA bead touched experiments (data not shown), suggest that during the the surface of a competent cell ( Figure 6A ). When DNA development of competence, both ComGA and YwpH binding to the cell occurred, a DNA tether between the appear throughout the cell in discrete foci, probead and the bacterium was formed and pulled straight gressively accumulate at the poles, and then delocal-( Figure 6A ). As DNA internalization proceeded, shortenize. The distributed foci are evident even as the polar ing the DNA tether, the bead was displaced from the accumulations decrease. These processes are approxicenter of the trap until it escaped from the potential of mately coincident with a rise and fall in transformability.
the laser tweezers at ca. 500 nm distance from the cenTo pursue the correlation between transformation and ter of the trap. A line extrapolated from the path of disthe localization of competence proteins, we determined placement of the bead center indicated the point of the cellular sites of DNA binding and uptake.
DNA uptake on the cell surface. For this, we defined the location of the DNA-uptake site as the crossing point Cellular Localization of DNA Binding and Uptake between the long axis of the bacterium and the elonThe localization of DNA binding was addressed using gated trace of the bead. The procedure used to identify fluorescently labeled DNA added to competent cells of this crossing point is described in Figures 6A-6F . Error a strain carrying a comGA-gfp fusion as well as an inanalysis (see Experimental Procedures and Figure S1 in tact copy of the comGA operon. Double-stranded M13 the Supplemental Data available with this article online) DNA was labeled by the addition of multiple Alexa 555 indicated that the standard deviation of these measurefluorophores. This red fluorescent DNA was used to ments corresponded to 8% of the average cell length. identify DNA associated with the competent cells. Figure 6D shows a DIC image of such a bead and cell, Since the Alexa 555 adducts may interfere with DNA and the ComGA-GFP fluorescence of the same cell is uptake, it is possible that cell-associated fluorescence shown in Figure 6E . In this case, the extrapolated line in these experiments reflected DNA binding in the abpoints toward a cell pole that exhibits a dot of GFP sence of uptake. In a typical experiment, 8.9% of the fluorescence (Figures 6D and 6E) . To further investigate the requirements for localizathese are difficult to distinguish from single cells. For tion, we expressed comGA-gfp from the IPTG-regu-11 individual DNA-uptake events, the location of the lated Pspac promoter at the ectopic amyE locus. When DNA-uptake site as measured in the laser-tweezers exthis strain was grown in the absence of IPTG and examperiments was compared with the location of ComGAined after growth to competence through the two-step GFP accumulation as shown in Figures 6D and 6E . In procedure, only a faint background autofluorescent sigall of these cases, the sites of DNA uptake and the lonal was detected (data not shown). When induced by calization of ComGA-GFP were close to one another, the addition of IPTG and examined during exponential as is evident for the example shown in Figure 6 and the growth, the fluorescent signal was present in nearly all two additional examples shown in Figure S2 . may be constrained to a helical path. These results carry implications for the mechanism of DNA uptake during transformation.
the cells in the culture but was only rarely localized to the poles (data not shown). When induced cultures

The Competence Proteins Are Present in Nonpolar Foci
Our observations support the presence of machines, assembled at several points in the cell (preferentially As already noted, ComGA, ComFA, and YwpH are present in nonpolar foci in addition to their polar accumuat the poles) and capable of binding, processing, and internalizing transforming DNA. Not only are the prolations (Figures 3 and 6) . The nonpolar distribution of ComGA-GFP may be seen clearly in the deconvolution teins we have studied localized in similar patterns, but also, tagging with distinct fluorophores has demonmicroscopy images taken from representative cells at T 2 and shown in Figure S3A . In addition to the promistrated colocalization of ComGA with both ComFA and YwpH within the limit of resolution of light microscopy nent polar accumulations, nearly all the fluorescent cells displayed a distributed punctate localization pat- (Figures 2 and 3) . ComGA, a traffic ATPase required for the assembly of the competence pseudopilus and tern with several foci per cell. In a number of experiments and in many cells, this number varied from 2 to needed for DNA binding to the cell, colocalizes with ComFA, a protein required for the transport but not the 12, including the polar foci. In cultures grown through the one-step procedure, as the polar accumulations inbinding of DNA (Londono-Vallejo and Dubnau, 1994a). Both of these proteins are associated with the cytosolic creased and then decreased in intensity, the foci persisted. In cells grown through the two-step procedure, face of the membrane (Chung et al., 1998; LondonoVallejo and Dubnau, 1994a). Thus, proteins required at the foci were also present, but seemed less intense relative to the polar accumulations of fluorescence (data different steps in the transformation process are colocalized in the cell. YwpH is annotated as a singlenot shown).
In many of the cells shown in Figure S3A , the stagstrand DNA binding protein and is predicted from its sequence to be in the cytosol. Nevertheless, our microgered location of fluorescent foci and the presence of fainter fluorescent arcs obliquely traversing the narrow scopic evidence suggests that it is distributed similarly to other competence proteins and is colocalized with axis of the cells are consistent with a distribution of ComGA ( Figures 3D and 3E 
